Abstract: Understanding the damage and failure mechanisms of masonry structures can help engineers reduce catastrophic failures and facilitate effective restoration and preservation of historical masonry monuments. This can be achieved through a combination of experimental and numerical studies to gain insights on the macrolevel strength-deformation behavior and microlevel defects and crack growth of masonry structures. Although experiments aid in calibration and validation of the numerical model to reduce errors and uncertainties in predictions, the success of the simulations fundamentally depends on the accuracy of the mechanical principles used to represent the heterogeneous masonry assembly. In this paper, three modeling techniques-detailed micromodeling, simplified micromodeling, and macromodeling-are investigated, considering not only the accuracy but also the robustness of the model predictions. In detailed micromodeling, the brick units and mortar joints are modeled as separate entities. In simplified micromodeling, the bricks and mortar are smeared, homogenized units bonded with zerothickness interface elements. In macromodeling, the masonry composites are smeared into a homogenous continuum. Linear properties of these three alternative models are first calibrated by exploiting the modal parameters identified through dynamic experiments conducted on a scaled dome specimen in the laboratory. The fidelity of the two micromodeling and the macromodeling techniques are then evaluated by comparing the model predictions against static, load-to-failure tests conducted on the same scaled masonry dome. Finally, the robustness of the three models to uncertainty in the input parameters is evaluated.
Introduction
Given the minimal tensile strength of masonry construction, the ability of a masonry dome to transfer loads through primarily compressive forces made this geometric form a natural choice for early builders. Being a mainstay in many architectural edifices throughout history, masonry domes defy the common assumptions established in modern structural analysis, such as homogenous and isotropic material with uniform mechanical properties. Thus, analyzing historic masonry domes for future generations remains a challenge for structural engineers.
The published literature has approached the study of masonry through both experimental and numerical studies. Researchers have conducted various experimental campaigns, including full-scale (Abrams 1988; Laefer 2001; Valluzzi and Modena 2001) , component (Gabor et al. 2006; Garbin et al. 2009; Maheri et al. 2011) , destructive (Page 1995; Boothby et al. 1995; Lau 2006; Balaji and Sarangapini 2007) , and nondestructive tests (Armstrong et al. 1995; Salawu and Williams 1995; Aoki et al. 2004; Gentile and Saisi 2007) . However, these experimental observations are limited to the conditions under which the tests are completed, making it necessary to conduct a new set of experiments each time there is a need to study a different condition, such as different loading or boundary conditions (Zucchini and Lourenço 2002) . Therefore, experimental studies alone cannot provide the full picture of the mechanical behaviors of masonry because representing all desired configurations in the experiments is impossible. Although numerical studies supply the flexibility to simulate virtually all loading and boundary conditions with minimal cost, numerical models without experimental substantiation are mere speculations because the numerical prediction results cannot be validated without experiments. Therefore, a study of masonry requires a combined experimental and numerical program. Such a program should focus not only on the individual components of masonry units and mortar joints, but also on the masonry assembly as a composite.
Advanced numerical modeling has been constantly pursued to complement experimental studies and to provide a more in-depth understanding of the structural response of masonry under various loading conditions (Lourenço 2002) . The accuracy of solutions, however, hinges on the adequacy of the model used to describe the behavior of the composite masonry assembly. Here, model refers not only to the geometrical representation of the composite assembly, but also to the constitutive behaviors of the masonry and mortar components.
Confining our focus to finite-element (FE) implementations, there are three plausible modeling strategies available to develop FE models of masonry structures, which depend primarily on computational capabilities and resources: detailed micromodeling, simplified micromodeling, and macromodeling. Although expert judgment is typically used to choose a suitable strategy, the best modeling strategy for a particular application remains unknown. Previous studies have compared alternative modeling schemes for masonry structures (Lourenço et al. 1995; Truong Hong and Laefer 2008; Annecchiarico et al. 2010) . These earlier studies were primarily applied to masonry shear walls or small-scale cutouts from walls, in which the geometric form allows for autogeneration of a FE mesh. However, no prior studies focus on structures with single or double curvature, such as an arch or dome. Consequently, there is a need for such a comparative study to evaluate the three alternative modeling techniques as applied to masonry domes and to assess the simulation accuracy and robustness of model predictions.
This study compares detailed micromodeling, simplified micromodeling, and macromodeling techniques as applied to a scaled unreinforced masonry dome, and evaluates not only the fidelity of the model predictions to experiments, but also the robustness of the predictions to uncertainties in input parameters. To evaluate the capabilities of these three modeling approaches in predicting the modal response and load-displacement relationship, the authors correlate the simulations to experimental measurements obtained from nondestructive, dynamic, and destructive static testing.
This manuscript is organized as follows. First is a brief overview of the three modeling strategies. Next, the authors discuss details of the masonry dome specimen built and tested in the laboratory, and then analyze the development of the three FE models for the masonry dome studied herein. They then present experimental campaigns for nondestructive, dynamic, and destructive static tests. Next, they implement the experimental data to compare the numerical model predictions against their experimental counterparts, and thus to evaluate the three alternative modeling strategies based on the model fidelity. In addition to fidelity, the authors evaluate the robustness of the three FE models to potential variations of Young's modulus and the tensile strength of the brick units. Finally, concluding remarks and a review of the main findings are provided.
FE Modeling Strategies for Masonry Construction
Fig. 1 presents the three major approaches for developing the FE model of masonry structures: detailed micromodeling, simplified micromodeling, and macromodeling (Rots 1991; Lourenço 2002) .
Micromodeling is defined as detailed or simplified [Figs. 1(a and b)] depending on the interpretation of the mortar joints. Detailed micromodeling supplies the most realistic representation of the masonry composites. The masonry units and mortar joints are modeled separately and are assigned with individual material properties. Owing to strict aspect ratio requirements of FEs and the narrow geometry of the mortar joints, the detailed micromodel requires a very fine mesh in the FE model and, therefore, demands considerable computational resources. As a result, micromodels are generally built for masonry components or periodic cells of small scale primarily for the study of homogenization techniques (Zucchini and Lourenço 2002) . In detailed micromodeling, the degrees of freedom of the nodes at the interface are typically coupled, preventing bond-slip failure as discussed in Gabor et al. (2006) , Shieh-Beygia and Pietruszczak (2008) , Lü et al. (2011), and Maheri et al. (2011) .
In simplified micromodeling, the bricks and surrounding mortar are smeared into homogenized, fictitious units bonded by zerothickness interface elements. The mortar joints therefore are lumped into interface elements, which represent cracking and slipping planes (Lourenço 1994) . For example, Page (1978) formulated a simplified micromodel with elastic continuum elements for brick units and multilinear elastic elements for the bonding interface. Typically, homogenization techniques are applied to obtain the effective material properties for the fictitious unit, such as effective Young's modulus and density. Although the units can be modeled to represent potential material nonlinearity, cracking and splitting is typically realized at the interface, leading to a dominantly linear behavior in the unit. With this modeling scheme, a certain loss in accuracy is expected because simplified micromodeling neglects the Poisson effect of the mortar (Lourenço 2002) . Many studies in the published literature detail the adoption of the simplified micromodeling strategy (Arya and Hegemier 1978; Chiostrini et al. 1989; Saadeghvaziri and Metha 1993; Lourenço and Rots 1997) .
Conversely, macromodeling smears the bricks and mortar joints as well as the brick-mortar interface into one continuum assuming homogeneous material properties [shown in Fig. 1(c) ]. In macromodeling, the values of the parameters describing the brick-mortar continuum can be obtained through either experiments conducted on material components (Lourenço et al. 1998; Dhanasekar et al. 1984) or homogenization techniques (Zucchini and Lourenço 2007) . Through this approach, both geometries and material properties are approximated, significantly sacrificing the accuracy of the local predictions. Therefore, macromodeling is commonly used to predict the global properties of full-scale masonry models with considerably large dimensions, such that stresses along FEs can be considered uniform. Because of its computational efficiency, macromodeling is routinely adopted in the published literature (DelloRusso et al. 2008; Teomete and Aktaş 2010; Atamturktur and Sevim 2011; Atamturktur et al. 2012a ). However, note that with this approach, local stress concentrations at the brick and mortar interface cannot be represented.
Scaled Dome Model
The structure analyzed in this study is a scaled masonry dome constructed in the laboratory. Fig. 2 shows the model's geometry and dimensions. The single layer brick dome is made of autoclaved aerated concrete (AAC) tiles and hydrocal white gypsum cement, using a construction technique similar to timbrel vaults (Ochsendorf and Freeman 2010) . The tiles at the base of the dome are Tile dimensions decrease toward the crown as tiles are cut for a tighter fit. The masonry dome is confined with a steel tension ring at its bottom to resist outward thrust (Ramage 2006; Atamturktur et al. 2012c ).
FE Model Development of the Scaled Masonry Dome
In this study, the FE models are developed in ANSYS 13.0. The authors executed the models to obtain modal and static analysis results to compare against experimental observations, as will be discussed later in the manuscript.
Detailed Micromodel
The detailed micromodel shown in Fig. 3 includes 74,826 elements (35,271 for brick units and 39,555 for mortar) and 102,932 nodes. The interface is represented assuming a complete bond between mortar and brick, thus assuming cracks only develop in the body of the mortar and brick.
In the detailed micromodel, a SOLID65 (SAS IP) element specifically developed for modeling brittle materials is used (Truong Hong and Laefer 2008; Lü, et al. 2011; Maheri et al. 2011) . Because the SOLID65 element implements Willam-Warnke failure criterion (Willam and Warnke 1975) , the authors consider both crushing and cracking failures in three orthogonal directions. The parameters for Willam-Warnke constitutive model, i.e., tensile and compressive strength, are taken from experimental data provided by Lau (2006) . The Young's modulus of the brick is calculated as 2.08 GPa using Eq. (1) 
where f b 9 5 compressive strength (in MPa) of AAC brick. With SOLID65 elements, cracks are allowed to retain partial shear transfer capabilities through a shear transfer coefficient. The typical range of the shear transfer coefficient is from 0 to 1.0, with 0 meaning smooth crack (no shear is transferred) and 1.0 meaning rough crack (all shear is transferred). The shear transfer coefficient in this study is set to 0.2 (Queiroz et al. 2007 ) and 0.8 (Al-Kashif et al. 2012) , for open and closed cracks, respectively. The Young's modulus of the mortar is assumed to be 25% of that of the bricks. This study adopts a Poisson's ratio of 0.25 for the bricks, as earlier studies (Harry 1988; Anthoine and Taucer 2006) recommend, whereas it selects a value of 0.30 for the mortar because it is softer than brick. The density of the brick is measured in the laboratory under moist conditions and the density of the mortar is provided in a product manual for white gypsum cement [U.S. Gypsum (USG) 2012]. Table 1 lists the material properties of the brick and mortar components.
Simplified Micromodel
In the simplified micromodel, the expended units are modeled with SOLID65 elements and joints are modeled with zero-thickness CONTA174 and TARGE170 (Ansys, Canonsburg, Pennsylvania) interface elements. These contact and target elements are capable of representing splitting and sliding failures between three-dimensional (3D) surfaces. The FE model in Fig. 4 uses 21,564 solid elements and 10,080 contact and target elements, resulting in 23,826 nodes.
The sliding behavior of the contact pair is governed by MohrCoulomb criterion, for which the coefficient of friction, contact cohesion coefficient, and contact opening stiffness must be defined. In the published literature, the coefficient of friction is reported to 
where E eff 5 effective Young's modulus of brick and mortar; E b 5 Young's modulus of brick from Table 1 ; E m 5 Young's modulus of mortar from Table 1 ; L b 5 length of brick (in the direction of interest); L m 5 length of mortar; and L 5 total length of the brick and mortar. The study considers a brick tile and its surrounding mortar for the homogenization process, as Fig. 5 shows. The effective Young's modulus is acquired in two steps, first through homogenization in the hoop direction, and next in the meridional direction, as Fig. 6 shows. Table 3 gives the original values of Young's modulus, dimensions of brick and mortar, and the calculated results. A mean value of 1.67 GPa is calculated for the Young's modulus for the expended, fictitious unit, considering it as an isotropic material.
The effective density of the fictitious unit is calculated using
where r b 5 mass density of brick; r m 5 mass density of mortar; L bh 5 length of brick in the hoop direction; L bm 5 length of brick in the meridional direction; L h 5 total length of brick and mortar in hoop direction; and L m 5 total length of brick and mortar in the meridional direction. The initial density values of the tile and mortar are 775 kg=m 3 and 1,762 kg=m 3 , respectively (Table 1) . The homogenized density, r of the unit is then calculated as 936 kg=m 3 . The strength of the expended unit is dominated by the strength of the brick unit; therefore, the parameters for the Willam-Warnke material model of the expended unit are taken to be the same as the values of the brick unit in Table 1. Table 4 lists the material properties of the homogeneous unit.
Macromodel
Development of the macromodel requires relatively less effort than the two micromodels, because it greatly approximates the geometries and material properties of the masonry composite. The brick unit, mortar joint, and brick-mortar interface are smeared into an isotropic, homogeneous continuum, and the entire model is discretized into uniform FEs. A total of 32,400 SOLID65 elements and 43,684 nodes are used for the macromodel. The homogeneous material properties are obtained through a process similar to the simplified micromodeling using Eqs. (2) and (3). The parameters for the Willam-Warnke model are taken from those of mortar joints in the detailed micromodel. Table 5 lists the material properties for the macromodel.
Experimental Investigations
In this study, the availability of both nondestructive dynamic and destructive static experiments allows the evaluation of the predictiveness of the aforementioned FE models in linear and nonlinear ranges separately. The nondestructive testing campaign herein implements experimental modal analysis, in which the natural frequencies and mode shapes of the scaled masonry dome, both of which are related to linear properties, are identified. The destructive testing campaign implements a static, load-to-failure testing, which pushes the structure into the nonlinear regime and yields the loaddisplacement diagram. The details of these test campaigns are provided in the following sections.
Nondestructive Dynamic Testing
Experimental modal analysis (EMA) is a nondestructive testing and evaluation method that measures a structure's vibration response to extract the modal parameters, i.e., natural frequencies, mode shapes, and damping ratios (Avitabile 2001) . This study conducts a hammer impact test with experiments repeated at one of the seven excitation locations in each set-up, as Fig. 7 shows. A PCB model 086D20 (PCB Piezotronics, Depew, New York) sledge hammer, weighing 1.01 kg, is selected to excite the masonry dome. The vibration response of the brick tile dome is then collected using PCB model 393A03 uniaxial piezoelectric accelerometers at 19 locations, as Fig. 7 shows. The accelerometers used in this study have a range of 0.3-4,000 Hz and a sensitivity of 10 V=g. The raw time domain vibration data are recorded and processed using the SigLab data acquisition system (MathWorks, Natick, Massachusetts). Table 6 lists the parameters of the data acquisition and signal processing system. A frequency response function (FRF) is the ratio of the structure's response output over the input excitation evaluated in the frequency domain. For linear systems, the law of reciprocity applies, making two measured FRFs obtained by switching the excitation and measurement locations theoretically identical. A reciprocity check between points 9 and 10 (shown in Fig. 7 in bold) is completed to ensure the accuracy of the test results, as Fig. 8 shows. The area of the difference between the FRFs at these two locations is calculated as 3.52% of the mean area of the covered region of the two FRFs. The vibration response measurements are therefore deemed to be of sufficient quality.
Using the PULSE Reflex 15.0.0 (Brüel & Kjaer, Naerum, Denmark) system identification tool, a total of six modes are identified. The identified experimental natural frequencies and their corresponding mode shapes are used to calibrate the linear properties of the FE models, as discussed later.
Destructive Testing
Destructive tests are routinely conducted to elucidate the crack propagation and failure mechanism of masonry structures under static loading (Abrams 1988) , abutment movement (Theodossopoulos et al. 2002) , and ground motion (Bothara et al. 2010 ). This study adopts the forcecontrolled destructive static tests reported by Ramage (2006) .
During the load-to-failure tests, the dome is constrained at its bottom with a steel tension ring that fully resists the horizontal thrust. A concentrated load is applied vertically on a 609.6-mm diameter plaster pad cast at the crown of the dome. Two LVDTs are mounted on the plaster pad to monitor the downward displacement along with the load. Fig. 9 shows the measured load-displacement plot.
The recorded maximum load the dome can bear is approximately 4,200 N. Prior to a load of about 4,100 N (at a displacement of about 1.02 mm), the load-displacement relationship of the dome can be Fig. 8 . Reciprocity check between measurement and excitation points 9 and 10 approximated as linear. After this point, visible meridional microcracks begin to appear and a notable reduction in the dome stiffness is observed. The dome experiences a plastic phase in which displacement rapidly increases from 1.02 to 5.12 mm, causing overt cracking along the meridional direction. Subsequently, the load borne by the dome steadily drops as the displacement of the crown increases. A sudden descent of load from 2,900 to 2,600 N occurs when the displacement reaches approximately 6.86 mm. Cracks in hoop direction develop rapidly subsequent to this point, resulting in complete failure of the dome when the displacement reaches approximately 26.03 mm. From Fig. 9 , the mean value of the loadcarrying capacity of the dome during the test is approximated as 3,980 N, and the mean value of static stiffness in the linear regime is approximated as 4,312:84 3 10 3 N=m. Fig. 10 exhibits the crack development before the complete collapse of the dome. The intermediate portion of the dome bulges and causes cracking in the meridional direction with hoop cracks located between the third, fourth, and fifth layers, as shown in Fig. 10 . It should be noted that the cracks develop primarily through mortar joints with the bricks remaining by and large intact at the failure of the dome.
Evaluation of Model Fidelity
This section presents model simulations of the masonry dome, obtained with the three previously discussed modeling techniques considering both dynamic and static loads. The simulation results are compared against the available experimental data, in which the nondestructive test data are exploited to calibrate the linear properties of the model, whereas the destructive test data are used to evaluate the fidelity of the model predictions.
Evaluation of Linear Model Input Parameters: Modal Analysis
The modal parameters are dependent on the mass and stiffness matrices so can be used to confirm the appropriateness of the parameter values entered into the FE model that influence the mass and stiffness of the structure, such as Young's modulus and density. In this study, densities of the materials are taken from product manuals and laboratory measurements and are considered to be reliable estimates. However, the Young's modulus is obtained from an empirical formula and thus may contain significantly more uncertainty. Therefore, initial Young's modulus values (1) for the brick and mortar units in the detailed micromodel, (2) for the fictitious units in the simplified micromodel, and (3) for the homogeneous continuum in the macromodel, are calibrated by manually correlating numerical predictions and experimental modes through trial and error (Table 7) . [See Atamturktur and Laman (2012b) for a review of model calibration literature.] In the model calibration process, not only the agreement in natural frequencies but also the visual and quantitative correlation of mode shapes are considered. During test-analysis comparison of modes, attention is given to ensure that the experimental and numerical modes are paired correctly, in the right sequence. For quantitative correlation of mode shapes, the modal assurance criterion (MAC) (Allemang and Brown 1982) is calculated. The MAC measures the consistency between modal vectors obtained from different testing setups, system identification algorithms, or sources (i.e., analytical and experimental). MAC varies from 0 to 1.0, indicating either total consistency or no consistency between two sets of modal vectors. Fig. 11 shows a numerical comparison of natural frequencies and a visual comparison of mode shapes after the calibration. The testanalysis correlations of all three models yield satisfactory agreement with less than 10% overall discrepancy between the measured and predicted natural frequencies. Moreover, all mode shapes show satisfactory agreement based not only on visual comparison but also MAC metrics. The mean values of the computed MACs are 0.76, 0.72, and 0.73, respectively, for the detailed micromodel, simplified micromodel and macromodel. Based on the agreement in the testanalysis correlation of modal parameters, the three calibrated FE models are deemed to be of sufficient accuracy and are used in the following section for the static analysis.
Evaluation of Nonlinear Model Input Parameters: Static Analysis
In this section, the static test discussed earlier is simulated using the calibrated FE models. A distributed load of 4,448 N is applied at the dome crown within a radius of 0.31 m and the bottom of the FE model is fixed, to mimic the load-to-failure test. The simulated and measured load-displacement diagrams are plotted in Fig. 12 . Table 8 compares load-carrying capacity and stiffness for experimental and numerical models. The three alternative FE models predict the load-carrying capacity within 0.25, 1.26, and 6.53% of the experiments, respectively, for the detailed micromodel, simplified micromodel, and macromodel. For the stiffness, the simplified micromodel underestimates the stiffness by 20.10%, whereas the macromodel considerably overestimates the stiffness by 45.37%. The detailed micromodel only deviates from the experiment by 6.81%. The simplified micromodel has the lowest value of stiffness among the three models. This is expected because interfaces cause discontinuities that reduce the global stiffness of the model. Fig. 13 shows the plots of crack distribution and the first principal stress distribution for the detailed micromodel. A total number of eight meridional cracks are present at the point of ultimate loading. Additionally, hoop cracks appear between the sixth, seventh, and eighth layers of the bricks (Fig. 13) . The cracks propagate primarily through mortar joints with only a small portion of the bricks developing cracks. The crack development of the detailed micromodel matches quite closely with the experimental observations (recall Fig. 10 ).
Fig. 14 shows the deformation of the simplified micromodel at its ultimate load-carrying capacity with a region of interest magnified. The bulge in the intermediate portion from the fourth to the seventh layer (counting from the bottom) of units induces hoop tension in the model, and eventually causes cracking of the interface elements in the meridional direction. Similar to the detailed micromodel, focusing on the deformation plots, a total of eight major meridional cracks are clearly observed at the interface, consistent with the experimental observations (Fig. 10) . Also consistent with experimental observations are the hoop cracks present between the sixth, seventh, and eighth layers. Fig. 15 shows the crack distribution predicted by the macromodel. Eight clusters of cracks are obtained in the meridional direction with only one cluster of cracks observed in the hoop direction. However, the macromodel treats the masonry composites as a continuum; therefore, specific locations of cracks, i.e., brick units versus mortar joints, cannot be identified.
Evaluation of Model Robustness
Ensuring robustness in model predictions provides confidence that the model is delivering accurate predictions, even in the absence of precise knowledge of input parameters. In this section, the detailed and simplified micromodels, as well as the macromodel of the masonry dome, are evaluated considering their sensitivity to the uncertainty in the input parameters. In this study, the Young's modulus and tensile strength of the brick are considered as uncertain variables in the robustness analysis. A 6 10% variation is assigned to both parameters, yielding nine cases for each model ( Table 9 ). The uncertainties in these two parameters are propagated to the stiffness and load-carrying capacity predictions. The nonlinear static analysis is repeated for different sets of material properties according to Table 9 , and the numerical load-displacement diagrams for the three models are generated as shown in Figs. 16-18 . The load-displacement diagrams indicate that the static stiffness of the dome is directly related to the Young's modulus, whereas the load-carrying capacity is directly related to the tensile strength. This can be very clearly observed in Fig. 18 , considering the homogenous nature of the macromodel. Table 10 shows the calculated coefficient of variation for the stiffness and load-carrying capacity of the three models, executed with variability in the Young's modulus and tensile strength of brick, for the nine cases given in Table 9 .
For all three models, the load-carrying capacity is less sensitive to variation of the Young's modulus and tensile strength compared with the static stiffness of the dome. Moreover, Table 10 illustrates that the detailed micromodel is the most robust among the three models against uncertainties in the Young's modulus and tensile strength, yielding only a 2% variability in the predicted load-carrying capacity even when there is 20% variability in the input parameters.
Conclusions
Understanding the complex structural behavior of masonry composites requires a combination of experimental efforts and advanced modeling strategies. Although insights can be gained from laboratory experiments on scaled specimens regarding the mechanical behavior of masonry, numerical modeling offers a more flexible approach (provided that numerical models are validated) and an ability to conduct a more indepth investigation of the failure mechanism under vastly different loading conditions. Focusing specifically on FE modeling of masonry, three different modeling schemes have been proposed in the literature: detailed micromodeling, simplified micromodeling, and macromodeling. Macromodeling is the simplest approach, treating the entire masonry structure as a homogeneous continuum. This approximation significantly simplifies the modeling process and requires considerably less computational resources than micromodeling. However, if local mechanical behaviors at the interface of the units of brick or mortar joints are of interest, a more detailed FE model, such as that achieved with micromodeling, may be necessary.
This study provides three models for the analysis of a masonry dome: detailed micromodels, simplified micromodels, and macromodels. The detailed micromodel includes the masonry components of brick units and mortar joints as separate entities. The simplified micromodel is built with a continuum of solid elements for the expended units and zero-thickness interface elements for the mortar joints. The macromodel adopts a continuum of elements for the entire structure.
The material properties of the three models are first calibrated through test-analysis correlation of experimental and numerical modal analyses. Next, the fidelity and robustness in predicting the load-carrying capacity and stiffness of the dome for these three alternative modeling techniques is investigated. With calibrated linear material properties, the analytical modal results of all three models are comparable to the experimental modal data, with a difference of natural frequency of less than 10%. The mode shapes of the three models are documented to match the experimental mode shapes both visually and through a quantitative correlation metric.
During the correlation of load-displacement diagrams obtained through simulation and experimentation, the detailed micromodel proves to be the most accurate model for accurately predicting the load-carrying capacity and stiffness of the dome, with a difference between its predictions and the measured results of 0.25% and 6.81%, respectively. The simplified micromodel predicts the load-carrying capacity of the masonry dome with an accuracy of 1.26%; however, it underestimates the stiffness of the dome by 20.10%. The authors believe the discontinuity between expended units can explain this deviation in global stiffness. Finally, the macromodel is deemed least accurate in representing the experimental load-displacement relationship among the three models. Although the predicted loadcarrying capacity has only a 6.53% error, the numerical stiffness of the macromodel is overestimated by 45.37% compared with the experimental measurements. The capability of simulating cracking of the masonry dome specimen under static loading is also investigated for all three models. In the two micromodels, crack distributions along the hoop and meridional directions at failure show good agreement with the observations during the test, with regard to both the number and location of cracks. The detailed micromodel is more suitable for the observation of the stress distribution, whereas the simplified micromodel is more suitable for the visualization of the splitting and sliding between units. On the other hand, compared with the two micromodels, the macromodel is also as capable of representing the meridional cracking, but less capable of representing the hoop cracks.
The last section of the study evaluates the robustness of the three FE models. The sensitivity of the stiffness and load-carrying capacity based on a 610% variation of the Young's modulus and tensile strength of the brick units are analyzed for all three models. Simulation results reveal that the detailed micromodel is observed to be the most robust model to uncertainties in the selected variables. The macromodel and the simplified micromodel are considerably more sensitive to variability in material properties. Because both models adopt homogenization techniques, any variation of the material properties affects the performance of the entire model.
